Quantum phase transitions, namely phase transitions that occur at zero temperature, are of tremendous current interest to the physics community in general and condensed matter physicists in particular. Historically, the first examples of quantum phase transitions studied theoretically are ferromagnetic and antiferromagnetic transitions in itinerant electron systems, or metals. Ironically, quantum phase transitions in itinerant electron systems turn out to be among the most difficult to study theoretically, compared to those of spin and boson systems. The origin of the difficulty is not hard to see. Just like classical phase transitions, theoretical studies of quantum phase transitions are based on (quantum versions) of Ginsburg-Landau type of free energy functionals, and their analyzes based on Wilsonian renormalization group (RG). The Ginsburg-Landau free energy is a functional of the order parameter, which are bosonic degrees of freedom. In itinerant electron systems however, the fundamental low-energy degrees of freedom are the gapless electronic states near the Fermi surface; these fermonic modes at finite wavevectors are difficult to incorporate within the Ginsburg-Landau-Wilson (GLW) paradigm. In the approach pioneered by Hertz and extended by Millis and others, one decouples the electron-electron interaction using Hubbard-Strotonovish transformation in an appropriate channel, integrates out the fermionic degrees of freedom, and arrives at a Ginsburg-Landau-Wilson (GLW) like free energy functional that involves the Hubbard-Strotonovish auxiliary field only, which are bosonic degrees of freedom and interpreted as the order parameter. It has been realized recently, however, that the procedure of integrating out gapless fermions leads to singularities in the expansion of the resultant bosonic free energy functional in terms of the order parameter, or its gradients. Such singularities may invalidate the standard classification and analyzes (based on power-counting) of various terms of the GLW-like theory obtained this way, and profoundly affect the critical behavior of the transitions. The presence of such singularities is an inescapable consequence of integrating out gapless degrees of freedom, and also reflects the fact that the GLW-like theory obtained this way only provides an incomplete description of the low-energy degrees of freedom of the system. At present there is no consensus on the appropriate approach to study quantum phase transitions in itinerant electron systems in general. In the present work we propose a new approach to study quantum phase transitions that does not integrate out the fermions.
Introduction
Quantum phase transitions, namely phase transitions that occur at zero temperature, are of tremendous current interest to the physics community in general and condensed matter physicists in particular. Historically, the first examples of quantum phase transitions studied theoretically are ferromagnetic and antiferromagnetic transitions in itinerant electron systems, or metals. Ironically, quantum phase transitions in itinerant electron systems turn out to be among the most difficult to study theoretically, compared to those of spin and boson systems. The origin of the difficulty is not hard to see. Just like classical phase transitions, theoretical studies of quantum phase transitions are based on (quantum versions) of Ginsburg-Landau type of free energy functionals, and their analyzes based on Wilsonian renormalization group (RG). The Ginsburg-Landau free energy is a functional of the order parameter, which are bosonic degrees of freedom. In itinerant electron systems however, the fundamental low-energy degrees of freedom are the gapless electronic states near the Fermi surface; these fermonic modes at finite wavevectors are difficult to incorporate within the Ginsburg-Landau-Wilson (GLW) paradigm. In the approach pioneered by Hertz and extended by Millis and others, one decouples the electron-electron interaction using Hubbard-Strotonovish transformation in an appropriate channel, integrates out the fermionic degrees of freedom, and arrives at a Ginsburg-Landau-Wilson (GLW) like free energy functional that involves the Hubbard-Strotonovish auxiliary field only, which are bosonic degrees of freedom and interpreted as the order parameter. It has been realized recently, however, that the procedure of integrating out gapless fermions leads to singularities in the expansion of the resultant bosonic free energy functional in terms of the order parameter, or its gradients. Such singularities may invalidate the standard classification and analyzes (based on power-counting) of various terms of the GLW-like theory obtained this way, and profoundly affect the critical behavior of the transitions. The presence of such singularities is an inescapable consequence of integrating out gapless degrees of freedom, and also reflects the fact that the GLW-like theory obtained this way only provides an incomplete description of the low-energy degrees of freedom of the system. At present there is no consensus on the appropriate approach to study quantum phase transitions in itinerant electron systems in general. In the present work we propose a new approach to study quantum phase transitions that does not integrate out the fermions.
Results and Discussion
We studied the ferromagnetic transition in one-dimensional (1D) itinerant electron systems, using a different approach [1] . The idea here is quite simple: In 1D one can use the very powerful machinery of bosonization, which allows one to obtain a bosonic description of the fermionic system, without losing any fermionic degrees of freedom. Extensive previous studies have established that the paramagnetic phase in 1D is described by a free boson theory, known as the Luttinger liquid theory in this context; this is a consequence of the fact that all possible interactions are irrelevant at the Luttinger liquid fixed point, and scale to zero in the low energy limit. We have shown [1] , on the other hand, at the Gaussian critical point of the ferromagnetic transition, interactions are relevant, and must be included in the analyzes of the critical behavior, as well as the ordered phase. We have performed such analyzes using RG, and found the behavior of the system at the ferromagnetic critical point is quite different from that of the Luttinger liquid, due to the presence of interaction; this ``non-Luttinger liquid" behavior is in close correspondence with the experimentally observed non-Fermi liquid behavior near magnetic transitions in higher dimensions, as the paramagnetic phase is a Fermi liquid there. It is worth emphasizing that the theory we developed using bosonization does not suffer from the singularities encountered in the Hertz-Millis approach discussed above, since no low-energy fermionic degrees of freedom are lost within our approach. Furthermore the theory allows for a unified description of the paramagnetic and ferromagnetic phases and the critical point, while the Hertz-Millis theory is a theory of the critical point only. Currently we are working on possible applications of this approach to high dimensional systems.
